Study objectives: Cardiac surgery with cardiopulmonary bypass (CPB) is associated with major inflammatory triggers that cause marked activation of the microcirculation. This inflammatory response is associated with significant organ dysfunction. How this response causes organ dysfunction is not well understood; consequently, few interventions exist to prevent or treat it. In other acute inflammatory conditions, such as sepsis, increased coagulation activation in the microcirculation may be a cause of organ injury. We documented the association between coagulation activation and organ dysfunction to investigate whether coagulation activation also plays a role in organ injury following cardiac surgery with CPB. 
C
ardiac surgery with cardiopulmonary bypass (CPB) is associated with major inflammatory triggers, including contact of blood with the bioactive surface of the bypass circuit and ischemicreperfusion injury to the heart and lungs. 1, 2 These inflammatory triggers cause marked activation of the microcirculation throughout the body. [3] [4] [5] [6] [7] [8] [9] [10] [11] This inflammatory response is associated with significant organ dysfunction in the immediate postoperative period. [12] [13] [14] How the inflammatory response causes organ dysfunction is not well understood; consequently, there are as yet few interventions to prevent or treat it.
Inflammation and coagulation activation are intimately linked. Inflammation up-regulates microvascular expression of tissue factor (TF), which triggers coagulation activation, and microvascular expression of plasminogen activator inhibitor (PAI)-1, which inhibits activation of fibrinolysis. Inflammation also down-regulates natural anticoagulant proteins, such as protein C, protein S, thrombomodulin, and antithrombin. [15] [16] [17] These anticoagulant proteins are particularly active at the microcirculatory level. These inflammatory responses can result in ischemic tissue injury due to microvascular thrombosis. 18 -20 Evidence from a number of studies 20 -30 suggests that microvascular thrombosis may be an important mechanism through which inflammation causes organ injury. In a range of inflammatory conditions, including sepsis, multitrauma, severe hypoxia following circulatory arrest, and the hemolytic uremic syndrome, levels of coagulation activation and histologic evidence of microvascular thrombosis were both associated with the development of organ injury. Furthermore, a multicenter trial 31 of patients with severe sepsis found that the administration of activated protein C (an anticoagulant) reduced both organ injury and mortality.
Whether or not microvascular thrombosis contributes to organ dysfunction following cardiac surgery with CPB is not known. Therefore, we documented the association between coagulation activation and organ dysfunction to investigate whether coagulation activation may play a role in organ dysfunction following cardiac surgery with CPB.
Materials and Methods
Prothrombin fragment (PTF) 1 ϩ 2 (a marker of coagulation activation) and PAI activity (a marker of inhibition of fibrinolysis) were measured, and levels correlated with postoperative measures of organ function including the left-ventricular stroke work index (LVSWI), the Pao 2 /fraction of inspired oxygen (Fio 2 ) ratio, and creatinine levels. The Pao 2 /Fio 2 ratio and serum creatinine levels were chosen because these markers have been widely used and validated in previous scoring systems of organ dysfunction, including both the acute physiology and chronic health evaluation and the sequential organ failure assessment scores. The LVSWI was used as our marker of cardiac function because impaired myocardial contractility is the primary cause of cardiac dysfunction after CPB. 32 
Patient Selection
We studied patients scheduled for first-time nonemergency cardiac surgery with CPB. Patients with any of the following preoperative features were excluded from the study: creatinine Ͼ 200 mol/L, bilirubin Ͼ 28 mol/L, or severe airways disease. The study was approved by the St. Vincent's Hospital Human Research Ethics Committee. All patients gave written informed consent before participation in the study.
Data Collection
PTF levels and PAI activity were measured before induction, and at 0, 1, 2, 3, and 4 h after CPB. The Pao 2 /Fio 2 ratio was calculated before induction and at 1, 2, 3, and 4 h after CPB. The cardiac index (CI), mean arterial pressure (MAP), heart rate, pulmonary capillary wedge pressure (PCWP), and LVSWI were recorded following anesthetic induction and at 1, 2, 3, and 4 h after CPB. Creatinine levels were measured on the first, second, third, and fifth postoperative days.
Arterial samples were collected in prechilled sodium-citrate tubes (9:1, blood/anticoagulant [volume/volume]), centrifuged at 4,000 revolutions per minute for 15 min, and the plasma stored at Ϫ70°C. PTF was assayed by enzyme-linked immunoassays (Enzygnost PTF 1 ϩ 2; Behring; Marburg, Germany). PAI activity was assessed with a functional assay that reflects the antifibrinolytic actions of PAI-1 and the fibrinolytic action of tissue plasminogen activator (Berichrom PAI; Behring). 33 Intravascular pressures were recorded at end-expiration, using standard strain gauge pressure transducers calibrated to zero at the midaxillary line fourth intercostal space and coupled to a monitor with a calibrated screen. The cardiac output was measured by the thermodilution technique, with 10 mL of 5% glucose at room temperature. All readings were performed in triplicate, with each reading accepted if within 10% of the others. The average was recorded. A six-lumen Swan-Ganz VIP catheter was used (BaxterHealthcare; Irvine, CA). Hemodynamic variables were calculated using a standard formula: LVSWI ϭ (MAP Ϫ PCWP) ϫ (CI/heart rate) ϫ (0.0136). Chilled heparinized syringes (Terumo Corporation; Tokyo, Japan) were used to obtain arterial gases. The Pao 2 was immediately analyzed in the ICU (Ciba-Corning Diagnostics Corporation; East Walpole, MA).
Preoperative left ventricular function was routinely assessed by either contrast ventriculogram or transesophageal echocardiography. A score was given using a scale of 1 to 5 as follows: 1, severe impairment; 2, moderate impairment; 3, mild impairment; 4, hypertrophy; and 5, normal.
Anesthesia and Surgical Management
Patients were induced with fentanyl, propofol, and pancuronium. Anesthesia was maintained with isoflurane or propofol. Patients received 5 g of ⑀-aminocaproic acid (EACA) IV prior to the onset of CPB and 5 g into the pump-prime. CPB was performed with a membrane oxygenator (Cobe-Cardiovascular; Arvado, CO). Patients were heparinized (initial dose, 300 U/kg) to maintain an activated clotting time using kaolin Ͼ 400 s. The pump was primed with a combination of plasmalyte, colloid, bicarbonate, and calcium chloride. A roller pump was used. On CPB, the mixed venous oxygen saturation was maintained at Ͼ 70% and MAP Ͼ 60 mm Hg. Arrest of the heart was managed using a combination of anterograde and retrograde blood cardioplegia or with cold crystalloid antegrade cardioplegia. Patients were cooled to approximately 31°C. Patients were actively rewarmed to 37°C before discontinuation of CPB.
ICU Management
MAP was maintained at 60 to 110 mm Hg. Hypotension in the setting of hypovolemia was managed with IV normal saline solution, plasma expander, or albumin. Hypotension associated with normovolemia was managed with an ionotrope infusion. Norepinephrine was used if the CI was Ͼ 2.5 L/min/m 2 , whereas epinephrine was used if the CI was Ͻ 2.5 L/min/m 2 . Hypertension was treated with infusions of glyceryl-trinitrate and/or sodium nitroprusside. Patients with an uncomplicated course were discharged on the first postoperative day to the cardiothoracic ward.
Statistical Analysis
One-way, repeated-measures analysis of variance examined variables measured repeatedly over time, if significant; the Dunnett t test was used for post hoc testing. The Spearman rank correlation examined the relationship between hemostatic markers and measures of organ function. For repeatedly measured variables, other than creatinine, the mean of the after CPB measurements was used as a summary value for this analysis. For creatinine, the maximum postoperative level was used. The Wilcoxon signed-rank test was used to compare paired data. Multivariate linear regression was used to identify whether PTF levels were independently associated with measures of organ dysfunction. Statistical analysis was performed using software (Statview, Version 5; SAS Institute; Cary, NC).
Results

Patients Studied
Thirty patients were studied. Baseline patient characteristics are shown in Table 1 . Their average age was 67 years (63% were male), and baseline left ventricular function was well preserved. One patient was administered preoperative IV heparin. This patient also received aspirin 4 days before surgery. No other patient received preoperative aspirin, heparin, warfarin, or a nonsteroidal antiinflammatory drug. All patients were in sinus rhythm at baseline. Eleven patients required cardiac pacing during the initial 4 h of postoperative observation. The remainder were in sinus rhythm during this period. All patients survived to hospital discharge. Operative and postoperative characteristics are shown in Table 2 .
PTF
The peak PTF level, 1 h after CPB, of 6.8 nmol/L was eightfold above baseline levels. Thereafter, levels fell but remained above baseline throughout the 4 h of observation (p Ͻ 0.05, Dunnett t test; Fig 1) .
PAI Activity
In contrast to PTF, PAI activity showed a delayed increase from 1 h after CPB (p Ͻ 0.05, Dunnett t test). The peak level of 7.7 U/mL was threefold above baseline levels. This was reached at 3 h after CPB (Fig 1) .
LVSWI and Other Hemodynamic Variables
The LVSWI fell after CPB. The nadir of 27 g/m/m 2 at 4 h after CPB was 50% below the baseline level of 54 g/m/m 2 (p Ͻ 0.05, Dunnett t test; Fig 2) . The CI initially fell below baseline levels after CPB. The nadir of 2.5 L/min/m 2 was reached at 2 h after CPB (p Ͻ 0.05, Dunnett t test). The heart rate increased and remained between 82 and 86 beats/ min after CPB (p Ͻ 0.05, Dunnett t test). The MAP remained significantly below baseline levels at all time points after CPB (p Ͻ 0.05, Dunnett t test). PCWP levels did not change significantly from baseline levels.
The total fluid balance at 16 h after CPB was 1.7 L positive. Intraoperative milrinone and epinephrine were used in 16% and 23% of patients, respectively. Postoperative epinephrine and norepinephrine were used in 20% and 16% of patients, respectively.
PaO 2 /FIO 2 Ratio
The Pao 2 /Fio 2 ratio fell from 376 mm Hg at baseline (prior to intubation) to 287 mm Hg at 1 h after CPB (p Ͻ 0.05, Dunnett t test). Levels remained low throughout the 4 h of observation (Fig 2) .
Creatinine Levels
The maximum creatinine level over the first 5 postoperative days was 109 mol/L. This level was significantly higher than the baseline level of 95 mol/L (p Ͻ 0.05, Wilcoxon signed-rank test; Fig 3) .
Hemostatic Markers and Organ Function
The correlations between hemostatic markers and measures of organ function are shown in Table 3 and Figure 4 . PTF levels were correlated with the LVSWI (p ϭ 0.04; ϭ Ϫ 0.39), Pao 2 /Fio 2 ratio (p ϭ 0.02; ϭ Ϫ 0.43), and creatinine levels (p ϭ 0.02; ϭ 0.45). PAI activity was not correlated with any measures of organ function.
Multivariate Regression:
The association between the LVSWI and PTF levels was similar (p ϭ 0.07) after adjusting for preoperative LVSWI levels and postoperative ionotrope use. The association between the Pao 2 /Fio 2 ratio and PTF levels was the same (p ϭ 0.02) after adjusting for preoperative Pao 2 /Fio 2 levels and postoperative PCWP levels. The association between postoperative creatinine levels and PTF was also similar (p ϭ 0.05) after adjusting for preoperative creatinine levels and the postoperative total fluid balance.
Discussion
Cardiac surgery with CPB is associated with major inflammatory triggers including contact of blood with the foreign surface of the bypass circuit and ischemic-reperfusion injury to the heart and lungs. 1, 2 These insults activate the microcirculation throughout the body, [3] [4] [5] [6] [7] [8] [9] [10] [11] and this results in organ dysfunction in the immediate postoperative period. [12] [13] [14] Microvascular activation may cause organ dysfunction due to microvascular thrombosis. Inflammation upregulates microvascular expression of TF, which triggers coagulation activation, and microvascular expression of PAI-1, which inhibits fibrinolysis activation. 18 -20 We found that coagulation activation increased markedly following cardiac surgery with CPB. The peak PTF level of 6.7 nmol/L, at 1 h after CPB, was eightfold above baseline levels. The extent of the increase in PTF levels was remarkable in view of the anticoagulant/anti-inflammatory interventions undertaken, including high-dose heparin (approximately 300 U/kg) and hypothermia. PAI activity initially fell after CPB, but not to a statistically significant extent. PAI activity is a functional assay that reflects the antifibrinolytic actions of PAI-1 and the fibrinolytic action of tissue plasminogen activator. The release of tissue plasminogen activator, following activation of endothelial cells during CPB, is therefore likely to be the cause of this initial fall. 34, 35 Hemodilution is also likely to contribute to this fall. From 1 h after CPB, PAI activity increased and peaked from 3 h after CPB, threefold above baseline levels. All patients received 10 g of the antifibrinolytic agent EACA at the start of the operation. EACA was unlikely to be a factor in the increase in PAI activity. This assay does not reflect the actions of EACA (unpublished observations). The increase in PAI activity is therefore likely to reflect increased PAI-1 levels, indicating marked endogenous inhibition of fibrinolysis activation. This conclusion is consistent with previous studies that demonstrated increased PAI-1 levels after CPB. 34, 35 The magnitude and temporal changes in these hemostatic markers were similar to those found in other acute inflammatory conditions associated with microvascular thrombosis and organ injury, such as sepsis and the hemolytic uremic syndrome. 21,27,36 -39 Levels of coagulation activation were also correlated with acute deteriorations, in the immediate postoperative period, in markers of organ function including the LVSWI, the Pao 2 /Fio 2 ratio, and creatinine levels. These findings raise the possibility that microvascular thrombosis may play a role in organ dysfunction following cardiac surgery with CPB.
Previous studies suggest that ischemic tissue injury due to microvascular thrombosis may be an important mechanism through which the acute inflammatory response causes organ injury. Histologic studies 19, 20, 40, 41 in patients with sepsis demonstrated microvascular thrombosis associated with significant ischemic organ injury. Angiographic studies 42, 43 in patients with the ARDS demonstrated extensive microvascular obstruction, which improved following the administration of thrombolytics. Furthermore, as mentioned in the introduction, the administration of activated protein C (an anticoagulant) in patients with severe sepsis significantly reduced both organ failure and mortality. 31 Myocardial and pulmonary ischemic-reperfusion injury is one of the major inflammatory triggers associated with cardiac surgery with CPB. 44, 45 There is evidence that microvascular thrombosis may also contribute to organ injury associated with this aseptic inflammatory trigger. Previous studies 2,27,34,46 -48 in humans demonstrated that ischemic-reperfusion injury was one of the major triggers of coagulation activation, whereas surgical trauma associated with sternotomy or thoracotomy had little impact. In animal models of myocardial ischemic-reperfusion injury, microsphere techniques demonstrated a progressive obstruction to microvascular blood flow over the first 2 h following reperfusion. 49 In these animal models, the administration of inhibitors of coagulation or thrombolytic agents reduced microvascular obstruction and myocardial dysfunction. 49 -52 Similar findings were demonstrated in animal models of pulmonary ischemic-reperfusion injury. 53 In a rabbit model of CPB, extensive thrombus formation was found in small-sized pulmonary arteries at 4 h after CPB. In this study, animals treated with an infusion of a thrombin inhibitor had reductions in both thrombus formation and pulmonary vascular resistance. 54 One human study 55 also supports a role for microvascular thrombosis. This study reported the autopsy findings in patients who had undergone thoracic aortic aneurysm repair with CPB and hypothermic arrest. Microvascular thrombi were found in a number of organs including the heart, lungs, adrenals, and kidneys. The thrombi in the renal cortical arterioles and the glomerular capillaries were associated with renal cortical infarction.
Our study has a number of limitations. It was relatively small. Consequently, although we found significant correlations between PTF levels and markers of organ dysfunction, the correlation coefficients were relatively weak. The r 2 values for these correlation coefficients indicate that PTF levels only explained approximately 16% of the variation in postoperative creatinine, Pao 2 /Fio 2 , and LVSWI levels. These relatively weak associations do not, however, necessarily indicate that organ injury due to microvascular thrombosis is not an important mechanism. PTF levels are a surrogate marker of microvascular thrombosis and therefore are unlikely to perfectly reflect levels of microvascular thrombosis. Furthermore, even if microvascular thrombosis only contributes to 16% of the deterioration in organ function, this is still a clinically important level, particularly because this mechanism is potentially preventable or reversible.
Finally, although we demonstrated correlations between coagulation activation and postoperative organ dysfunction, these correlations alone cannot prove causation. Other mechanisms may explain these associations. It is possible that organ injury results from other inflammatory mechanisms, and PTF levels merely reflect the magnitude of the underlying acute inflammatory response. These po-tential mechanisms include tissue edema and the release of reactive oxygen species and proteolytic enzymes by leukocytes.
Conclusion
We found marked increases in coagulation activation and inhibition of fibrinolysis following cardiac surgery with CPB. Levels of coagulation activation were associated with deteriorations in cardiac, pulmonary, and renal functions. Additional studies are warranted to investigate whether strategies that limit coagulation activation are associated with reductions in postoperative organ dysfunction.
